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Loss of MAFB Function in Humans and Mice
Causes Duane Syndrome, Aberrant Extraocular
Muscle Innervation, and Inner-Ear Defects
Jong G. Park,1,2,3,4,5 Max A. Tischfield,2,3,17 Alicia A. Nugent,2,3,6,17 Long Cheng,2,3,4
Silvio Alessandro Di Gioia,2,3 Wai-Man Chan,1,2,3,4 Gail Maconachie,7,8 Thomas M. Bosley,9
C. Gail Summers,10,11 David G. Hunter,12,13 Caroline D. Robson,14,15 Irene Gottlob,7,8
and Elizabeth C. Engle1,2,3,4,6,12,13,16,*
Duane retraction syndrome (DRS) is a congenital eye-movement disorder defined by limited outward gaze and retraction of the eye on
attempted inward gaze. Here, we report on three heterozygous loss-of-functionMAFBmutations causing DRS and a dominant-negative
MAFBmutation causing DRS and deafness. Using genotype-phenotype correlations in humans and Mafb-knockout mice, we propose a
threshold model for variable loss of MAFB function. Postmortem studies of DRS have reported abducens nerve hypoplasia and aberrant
innervation of the lateral rectus muscle by the oculomotor nerve. Our studies in mice now confirm this human DRS pathology. More-
over, we demonstrate that selectively disrupting abducens nerve development is sufficient to cause secondary innervation of the lateral
rectusmuscle by aberrant oculomotor nerve branches, which form at developmental decision regions close to target extraocular muscles.
Thus, we present evidence that the primary cause of DRS is failure of the abducens nerve to fully innervate the lateral rectus muscle in
early development.Duane retraction syndrome (DRS [MIM: 126800 and MIM:
604356]) was first described clinically in 1905,1 and with
a prevalence of 1 in 1,000 individuals, it is the most
common congenital disorder of cranial dysinnervation.2
Affected individuals have unilaterally or bilaterally limited
horizontal eye movement accompanied by globe retrac-
tion and palpebral fissure narrowing on attempted adduc-
tion (movement of the eye inward toward the nose). DRS
can be classified into three types: type 1 involves limited
abduction (movement of the eye outward toward the
ear), type 2 involves limited adduction, and type 3 involves
both limited abduction and limited adduction. Type 1
is the most common, and type 2 is the least common.
Postmortem brainstem and orbital examinations of two
adults3,4 and MRI of four individuals5 with type 1 or type
3 DRS revealed the absence or hypoplasia of the abducens
nerve, which normally innervates the lateral rectus (LR)
extraocular muscle to abduct the eye. These studies also
showed aberrant LR muscle innervation by axons of the
oculomotor nerve, which normally innervates the medial
rectus (MR), inferior rectus (IR), superior rectus (SR), and
inferior oblique (IO) extraocular muscles. Electromyo-
graphic recordings of the extraocular muscles in individ-
uals with DRS demonstrated co-contraction of the LR
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 2016 American Society of Human Genetics.LRmuscle and the IR or SRmuscles.6,7 Thus, although clin-
ical studies support aberrant peripheral innervation in
DRS, the developmental underpinnings of the aberrant
innervation, and whether it arises from primary pathology
in the oculomotor nerve or as a result of abducens nerve
hypoplasia, are unknown.
In this article, we report on MAFB (MIM: 608968;
GenBank: NG_023378, NM_005461.4; chromosomal re-
gion 20q12) mutations that cause human DRS and model
DRS pathogenesis in Mafb-knockout (MafbKO/KO) mice.
Mouse Mafb (also known as Kreisler or Krml1) encodes a
transcription factor of the basic leucine zipper (LZ) fam-
ily.8 Previous studies of mice with the hypomorphic Mafb
allele kreisler (kr)9–11 have shown that Mafb is expressed
in rhombomeres 5 and 6, where the abducens nerve de-
velops, and is not expressed in developing midbrain oculo-
motor neurons.12–15 Mafb is required for proper hindbrain
segmentation12,16 and regulates other transcription factors
involved in hindbrain patterning.17 Here, we identify
haploinsufficient and dominant-negativeMAFBmutations
in humans with DRS and propose a threshold model for
loss of MAFB function causing DRS and deafness.
We demonstrate that MafbKO/KO mice recapitulate the hu-
manDRS pathology and can thus serve as an animal model
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Figure 1. Mutations in MAFB Cause DRS
(A) MAFB mutations segregate with DRS
in pedigrees FA, PM, 0819, and N. Three
of the four affected FA pedigree members
also have unilateral or bilateral congenital
hearing loss (indicated by an asterisk).
(B) FA IV:1 has bilateral DRS, characterized
by bilaterally limited eye abduction and
narrowing of the palpebral fissures with
globe retraction during attempted eye
adduction.
(C) Axial CT images of the right temporal
bone of a healthy control individual with
normal cochlea and vestibule (arrows)
and of individual FA IV:1, who has a cystic
common-cavity anomaly (arrow).findings establish that the aberrant branching of the oculo-
motor nerve in DRS is not primary but rather arises second-
arily to disruptions of abducens nerve development.
All participants were enrolled with informed consent ac-
cording to the guidelines of the Declaration of Helsinki
and with approval of the institutional review board at Bos-
ton Children’s Hospital. We enrolled pedigree FA, in whom
DRS segregates with congenital sensorineural hearing loss
as a dominant trait (Figure 1A). One of the members with
DRS (Figure 1B) underwent computed-tomography (CT)
imaging for evaluation of deafness and was found to
have inner-ear common-cavity anomalies (Figure 1C).
The combination of DRS and inner-ear defects suggested
a disruption of early hindbrain development similar to
that previously reported in individuals with HOXA1muta-
tions and inMafbKO/KO mice.18,19 Affected family members
did not harbor mutations in HOXA1 (data not shown).
Thus, we screenedMAFB in this pedigree and subsequently
in an additional 400 probands with DRS and 10 probands
with both DRS and hearing loss for (1) exonic mutations
with targeted Sanger sequencing (Genewiz) and (2) copy-The American Journal of Human Gnumber variations with droplet digi-
tal PCR (Bio-Rad) (Table S1). We iden-
tified heterozygous single-base-pair
frameshift deletions in pedigrees
FA (c.803delA [p.Asn268Metfs*125]),
0819 (c.440delG [p.Gly147Alafs*78]),
and PM (c.644delA [p.Gln215Argfs*
10]) and a heterozygous full gene
deletion in pedigree N (Figures 1A,
S1, and S2). The mutations in pedi-
grees FA and 0819 arose de novo
(Figure S1), and none of the MAFB
variants were present in the Exome
Aggregation Consortium (ExAC)
Browser. Unlike pedigree FA, affected
members of pedigrees 0819, PM, and
N had isolated DRS without hearing
loss (Table 1).
To confirm that loss of MAFB causes
DRS in vivo, we studied completeknockout of Mafb in mice,19 which we crossed to ISLMN:
GFP reporter mice (containing a farnesylated GFP that
localizes to the membrane of motor neurons), allowing us
tovisualize thedevelopingcranialmotor axons.20At embry-
onic day 11.5 (E11.5),MafbWT/WT embryos showed normal
hindbrain and cranial nerve development by whole-mount
examination (Figures 2A and 2D).21 MafbWT/KO embryos
had hypoplastic abducens nerves (Figures 2B and 2E).
MafbKO/KO embryos showed severe malformations of the
hindbrain and as a result were missing abducens nerves
and displayed fusion of the glossopharyngeal and vagus
nerves (Figures 2C and 2F).
We used an orbital-dissection technique to visualize the
developing cranial nerves and extraocular muscles in
mouse embryos. We dissected the fixed brain tissue around
the orbits of ISLMN:GFP-positivemouse embryoswhile leav-
ing the distal cranial nerves and extraocular muscles intact.
The orbits were then incubated with anti-actin a-smooth
muscle-Cy3 antibody (Sigma-Aldrich) for 3 days at 4C.
The orbits were further dissected and flat mounted in the
inferior orientation in 70% glycerol and 1% 1M KOH inenetics 98, 1220–1227, June 2, 2016 1221
Table 1. Clinical Summary of Individuals with Mutations in MAFB
Individual Mutation DRS Hearing Loss
Pedigree N
II:2 MAFB deletion bilateral, type unknown no
II:5 MAFB deletion yes, type unknown no
II:6 MAFB deletion yes, type unknown no
III:3 MAFB deletion bilateral, type 3 no
III:5 MAFB deletion unilateral (right side),
type 3
no
III:6 MAFB deletion bilateral, type unknown no
Pedigree FA
II:2 c.803delA unilateral (right side),
type 1
unilateral (right side)
III:1 c.803delA unilateral (right side),
type 1
not reported, but not
formally tested
III:3 c.803delA unilateral (right side),
type 3
unilateral (right side)
IV:1 c.803delA bilateral, type 3 bilateral
Pedigree 0819
II:2 c.440delG bilateral, type 1 no
Pedigree PM
II:4 c.644delA bilateral, type 3 (right
side) and type 1 (left side)
no
III:5 c.644delA bilateral, type 3 (right
side) and type 1 (left side)
no
III:6 c.644delA bilateral, type 3 no
DRS (types 1 and 3) in affected individuals is bilateral in eight, right sided in four, and undetermined in two. Three of four affected members of pedigree FA have
hearing loss, for which sidedness corresponds to the sidedness of their DRS. FA individual III:1 did not report hearing loss but was not formally tested; thus, hearing
loss might demonstrate incomplete penetrance. All four pedigrees are of non-Hispanic white ethnicity.PBS.We observed that by E12.5 inMafbWT/WTembryos, the
abducens nerve was present in the orbit and contacted the
developing LR muscle (Figure 2G). In MafbWT/KO embryos,
a hypoplastic abducens nerve contacted the developing
LR muscle, and aberrant branches of the oculomotor nerve
began to form in the direction of the LR muscle and
retractor bulbi (RB) muscle (Figure 2H). In MafbKO/KO em-
bryos, the abducens nerve was absent, and an aberrant
branch of the oculomotor nerve formed and contacted
the developing LR muscle along a trajectory similar to
that of the wild-type abducens nerve, whereas other aber-
rant branches developed and contacted the RB muscle
(Figure2I). These aberrantbranches all arose fromthedevel-
opmental decision region of the oculomotor nerve where it
normally divides into its superior and inferior divisions.22
In E13.5 MafbWT/WT embryos, the abducens nerve and
LR muscle continued to develop, and there were no visible
aberrant branches from the oculomotor nerve (Figure 2J).
InMafbWT/KO embryos, the hypoplastic abducens nerve re-
mained in contact with the LR muscle (Figure 2K). In both
MafbWT/KO andMafbKO/KO embryos, the oculomotor nerve
formed a second, more distal aberrant branch that1222 The American Journal of Human Genetics 98, 1220–1227, Juneextended toward the LR muscle, in addition to the more
proximal aberrant branches contacting the LR and RBmus-
cles (Figures 2K and 2L). The distal aberrant branch arose
from a second decision region, where the oculomotor
nerve’s inferior division normally branches to innervate
the MR, IR, and IO muscles.22
By E16.5, MafbWT/WT embryos had developed the adult
configuration of extraocular muscles and cranial nerves
(Figure 2M).23 In MafbWT/KO embryos, the abducens nerve
remained hypoplastic in comparison to that ofMafbWT/WT
embryos but provided some innervation to the LR muscle
(Figures 2N and 2P). In MafbKO/KO embryos, the abducens
nerve was absent and provided no innervation to the LR
muscle (Figures 2O and 2P). In MafbWT/KO and MafbKO/KO
embryos, the LR muscle received innervation from the
distinct proximal and distal aberrant oculomotor nerve
branches (Figures 2N and 2O). The diameter of the distal
aberrant branch was significantly greater than that of the
proximal aberrant branch in both MafbWT/KO and
MafbKO/KO embryos, and the distal branch itself was signif-
icantly larger in MafbKO/KO embryos than in MafbWT/KO
embryos (Figure 2Q).2, 2016
Figure 2. Mafb-Mutant Mouse Embryos Demonstrate DRS Pathology
(A–F) Whole-mount sagittal confocal images at E11.5. (A) MafbWT/WT embryos showed normal hindbrain and cranial nerve develop-
ment. The white line indicates the region of developing rhombomeres 5 and 6. (B)MafbWT/KO embryos had abducens nerve hypoplasia
but no other major abnormalities of hindbrain and cranial nerve development. (C) MafbKO/KO embryos showed loss of rhombomeres
5 and 6, resulting in loss of the hindbrain area (white line), an absent abducens nerve, and fusion of the glossopharyngeal nerve and
the vagus nerve (arrow). (D–F) Medial sagittal sections highlight the developing oculomotor and abducens nerves. (D) InMafbWT/WTem-
bryos, the abducens nerve was present (short arrow) and reached the developing eye. (E)MafbWT/KO embryos had a hypoplastic abducens
nerve (short arrow). (F) MafbKO/KO embryos were missing an abducens nerve (short arrow).
(legend continued on next page)
The American Journal of Human Genetics 98, 1220–1227, June 2, 2016 1223
We next investigated whether DRS and hearing loss in
pedigree FA share a common etiology. We hypothesized
that pedigree FA harbors a heterozygous dominant-nega-
tive MAFB mutation that causes the more severe pheno-
type of DRS with hearing loss, whereas the pedigrees
with isolated DRS have heterozygous loss-of-function mu-
tations that result in haploinsufficiency. Our hypothesis
that 50% MAFB function would cause isolated DRS and
that <50% would also cause inner-ear defects in humans
was based on previous reports suggesting that MafbKO/KO
embryos have inner-ear defects,19 homozygous kr/kr mice
have both abducens nerve and inner-ear defects,24
MafbWT/KO embryos have normal inner-ear develop-
ment,19 and hypomorphic kr/þ mice have normal inner-
ear and abducens nerve development.16,24
MAFB consists of three critical functional domains:
an extended homology region (EHR) and a basic region
(BR) required for DNA binding and a LZ required for
dimerization.8,25 The frameshift variant in pedigree 0819
(p.Gly147Alafs*78) occurs between theN-terminal polyhis-
tidine regions and is predicted to result in a mutant MAFB
that retains the first polyhistidine region and truncates
after 78 altered amino acids (Figure 3A). The frameshift
variant in pedigree PM (p.Gln215Argfs*10) occurs at the
beginning of the EHR and is predicted to result in a mutant
MAFB that retains the first three amino acids of the EHR
and truncates after ten altered amino acids (Figure 3A).
The frameshift variant in pedigree FA (p.Asn268Metfs*
125) occurs in the LZ and is predicted to result in a mutant
MAFB that retains the EHR, BR, and the first leucine of the
LZ followed by 125 altered amino acids (Figure 3A). Thus,
we further investigated the functional consequences of
the truncation and altered amino acids in the 0819mutant
MAFB, as well as the retained functional domains and
altered amino acids in the FA mutant MAFB.(G–O) Confocal images of the right orbit in mouse embryos from th
nerve (arrowhead) innervated the LR muscle, whereas the oculomoto
E12.5 MafbWT/KO embryos, the abducens nerve was hypoplastic (arr
nerve began to send aberrant branches toward the LR muscle (arrow)
nerve was absent (arrowhead), and the oculomotor nerve sent aberran
E13.5 in MafbWT/WT embryos, the abducens nerve (arrowhead), ocul
mally. (K) In E13.5MafbWT/KO embryos, the hypoplastic abducens ner
nerve formed a second, more distal aberrant branch toward the LR m
formed earlier (white arrow). (L) In E13.5 MafbKO/KO embryos, the ab
sent a distinct distal aberrant branch toward the LR muscle (yellow a
(white arrow) and the other aberrant branches contacting the RB mu
pattern of the orbit, whereby the abducens nerve (arrowhead) innerva
nerve remained hypoplastic (arrowhead), and a proximal aberrant br
the oculomotor nerve also innervated the LR muscle. (O) In E16.5 M
head), and a proximal aberrant branch (white arrow) and a distal ab
the LR muscle instead.
(P) At E16.5, the diameter of the abducens nerve was significantly sm
absent in MafbKO/KO embryos.
(Q) At E16.5, the diameter of the oculomotor distal aberrant branch w
rant branch in both MafbWT/KO and MafbKO/KO embryos. The dia
MafbKO/KO than inMafbWT/KO embryos. These aberrant branches wer
III, oculomotor nerve; IV, trochlear nerve; V, trigeminal nerve; VI,
vagus nerve; IO, inferior oblique; IR, inferior rectus; LR, lateral rectu
****p < 0.0001; differences were measured by Tukey’s multiple-com
n > 10 for each genotype.
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of the FA mutant MAFB mRNA in lymphoblasts derived
from FA subjects by Sanger sequencing (Genewiz) and
allelic discrimination (Thermo Fisher Scientific) of reverse-
transcribed lymphoblast cDNA (QIAGEN) (Table S2 and
Figure S3). We successfully overexpressed FA and 0819
mutant MAFB constructs (Genewiz) in HEK293T cells by
subcloning them intoapCMVN-Mycvector (ThermoFisher
Scientific) and transfecting them with Lipofectamine 2000
(Invitrogen) (Figure S4). We measured the transcriptional
activity of the wild-type, FA mutant, and 0819 mutant
MAFB proteins by luciferase assay (Promega) by using
25 ng of a caCE2 luciferase vector that contains 63 Maf
recognition elements in the promoter26 or a Renilla lucif-
erase control reporter vector (Promega) and 2 ng of MAFB
and/or control constructs for each experiment. We found
no activity in either mutant alone (Figure 3B). We then co-
expressed wild-typeMAFBwith each mutant construct and
found that FA mutant MAFB, but not 0819 mutant MAFB,
reduced the transcriptional activity of the wild-type MAFB
(Figure 3B). These data support a heterozygous dominant-
negative mechanism for FA mutant MAFB and a heterozy-
gous loss-of-function mechanism for 0819 mutant MAFB.
Combining our human and mouse data, we propose a
threshold model for variable loss of MAFB function
(Figure 3C). The heterozygous loss-of-function MAFB
alleles in pedigrees N, 0819, and PM result in 50% protein
function and cause isolated DRS, consistent with DRS pa-
thology and normal inner-ear development in MafbWT/KO
mice. The heterozygous dominant-negative MAFB allele
in pedigree FA results in less than 50% protein function
and causes both DRS and deafness, consistent with absent
abducens nerves and inner-ear defects in living kr/kr
mice, as well as DRS pathology and inner-ear defects in
MafbKO/KO embryos.e inferior view. (G) At E12.5 in MafbWT/WT embryos, the abducens
r nerve innervated the IR muscle and developing IO muscle. (H) In
owhead) and innervated the LR muscle, whereas the oculomotor
and the RB muscle. (I) In E12.5MafbKO/KO embryos, the abducens
t branches toward the LR muscle (arrow) and the RBmuscle. (J) At
omotor nerve, and extraocular muscles continued to develop nor-
ve (arrowhead) innervated the LRmuscle, whereas the oculomotor
uscle (yellow arrow), in addition to the proximal aberrant branch
ducens nerve was absent (arrowhead), and the oculomotor nerve
rrow), in addition to the proximal aberrant branch formed earlier
scle. (M)MafbWT/WT embryos at E16.5 had the final developmental
ted the LRmuscle. (N) In E16.5MafbWT/KO embryos, the abducens
anch (white arrow) and a distal aberrant branch (yellow arrow) of
afbKO/KO embryos, the abducens nerve remained absent (arrow-
errant branch (yellow arrow) of the oculomotor nerve innervated
aller in MafbWT/KO embryos than in MafbWT/WT embryos and was
as significantly greater than that of the oculomotor proximal aber-
meter of the distal aberrant branch was significantly greater in
e not present inMafbWT/WT embryos. Abbreviations are as follows:
abducens nerve; VII, facial nerve; IX, glossopharyngeal nerve; X,
s; and RB, retractor bulbi. Scale bars represent 100 mm. *p < 0.05,
parison test, and error bars represent the SEM (GraphPad Prism).
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Figure 3. Less Than 50% MAFB Function Causes DRS and Inner-Ear Defects
(A) Pedigree N has a full gene deletion and therefore no mutant MAFB. Pedigrees 0819 and PM are predicted to have truncated MAFB
proteins that lack the EHR, BR, and LZ domains followed by 78 and 10 altered amino acids, respectively. Pedigree FA is predicted to
have a MAFB that retains the wild-type EHR, BR, and beginning of the LZ followed by 125 altered amino acids.
(B) A luciferase assay showed that wild-type MAFB increased transcription by approximately 150-fold. The 0819 or FA mutant protein
alone did not have any transcriptional activity. Co-expression of wild-type MAFB and the FA mutant, but not the 0819 mutant, reduced
the transcriptional activity of the wild-type protein in comparison to that of the wild-type alone. **p < 0.01; differences were measured
by Tukey’s multiple-comparison test, and error bars represent the SEM (GraphPad Prism). Each experiment was performed in triplicate.
(C) Threshold model for loss of MAFB function. At greater than 50% MAFB function, MafbWT/WT and kr/þ mice had no phenotypic al-
terations. At 50%MAFB function,MafbWT/KO mice and N, 0819, and PM family members with heterozygous loss-of-function mutations
had isolated DRS. At some level below 50%MAFB function, kr/krmice, FA members with a dominant-negative mutation, andMafbKO/KO
mice had both DRS and inner-ear defects.In this study, we established that mutations in MAFB
cause DRS and found that MAFB mutations are present
in ~1% of DRS probands in our cohort, making it a more
common cause of DRS than the previously identified
dominant mutations in CHN127 (MIM: 118423; associated
with Duane retraction syndrome 2 [MIM: 604356]) and
SALL428 (MIM: 607343; associated with Duane-radial ray
syndrome [MIM: 607323]) and recessive mutations in
HOXA118 (MIM: 142955; associated with Athabaskan
brainstem dysgenesis syndrome [MIM: 601536] and Bos-
ley-Salih-Alorainy syndrome [MIM: 601536]). Our findings
also demonstrate allelic diversity in this gene.29 Hotspot
missense variants in theN-terminal transactivation domain
were previously reported to cause multicentric carpotarsal
osteolysis (MIM: 166300),30 and mutations in noncoding
regions have been associated with cleft lip and/or cleft pal-
ate.31 Thesepreviously reportedmutationsmost likely cause
gain of function given that they do not disrupt the EHR, BR,
or LZ domains of MAFB, and they therefore act through
different pathogenicmechanisms than the loss-of-function
and dominant-negative mutations we identified.The AmericWe also used genotype-phenotype correlations in hu-
mans and mice to present a quantitative threshold model
for loss of MAFB function causing DRS and inner-ear de-
fects. The 0819 mutant MAFB lacks the EHR, BR, and LZ
domains, and the PM mutant MAFB lacks most of the
EHR and all of the BR and LZ domains, so both are pre-
dicted to have no dimerization or DNA binding function,
as previously demonstrated in vitro.13,32 In contrast, the
FA mutant protein retains the EHR and BR domains and
part of the LZ domain, and these residual functional
domains could interfere with the DNA binding or dimer-
ization of the wild-type protein. Our in vitro data are
consistent with these predictions and show that FAmutant
MAFB reduces the transcriptional activity of wild-type
MAFB.
IdentifyingMAFBmutations that cause human DRS also
provides an instructive mouse model for confirming hu-
man DRS pathology and furthering our understanding of
cranial nerve development and aberrant extraocular mus-
cle innervation. Because Mafb is not expressed in devel-
oping oculomotor neurons,12–15 the orbital pathology ofan Journal of Human Genetics 98, 1220–1227, June 2, 2016 1225
MafbKO/KO mice establishes that the aberrant innervation
of the LR muscle by the oculomotor nerve in DRS arises
as a result of absent or reduced LR muscle innervation by
the abducens nerve. This secondary mechanism of aber-
rant innervation suggests that DRS could also arise as
a result of non-genetic disruptions to abducens nerve
development prior to its innervation of the LR muscle,
including in utero exposure to thalidomide or misopros-
tol,33 and possibly after infectious or vascular embryonic
injuries.34 Moreover, these findings most likely account
for why DRS is far more common than congenital
isolated sixth-nerve palsies;35 congenital sixth-nerve
palsies without retraction could only result from destruc-
tive abducens nerve insults that occur after the abducens
nerve has fully innervated the LR muscle and thus has pre-
vented secondary aberrant innervation by the developing
oculomotor nerve.
The stereotypic aberrant branching of theMafbKO/KO oc-
ulomotor nerve at its two decision regions22 might explain
aspects of the highly stereotypic co-contraction of the LR
and MR muscles and the less frequent co-contraction of
the LR, SR, and IR muscles, as reported by human electro-
myography.6,7 At its proximal decision region, the oculo-
motor nerve divides into superior and inferior divisions,
and axons destined for any of its innervated muscles could
potentially be rerouted to form the small branches that
aberrantly innervate the LR muscle in DRS. In particular,
misdirection of a subset of superior-division axons nor-
mally destined for the SR could account for the rare reports
of co-contraction of the LR and SR muscles. The aberrant
branch from the oculomotor distal decision region is
significantly larger than the aberrant branch from the
proximal decision region; greater axon rerouting from
the distal region could therefore account for the more
frequent co-contraction of the LR and MR or IR muscles.
Because co-contraction of the LR and MR muscles is the
most common aberrant innervation pattern in DRS, extra-
ocular muscle innervation might be further programmed
along separate horizontal and vertical axes that have yet
to be defined. Finally, in the absence of the abducens
nerve, we observed aberrant branching of the oculomotor
nerve to the RB muscle, as well as the LR muscle, at its
proximal decision region. The RB muscle is normally
innervated by the abducens nerve in mice and develops
adjacent to the proximal decision region of the oculomo-
tor nerve. Thus, it is likely that all of the extraocular
muscles ensure their innervation in early development
by secreting shared factors that induce nerve branching
and growth, resulting in competition between oculomotor
and abducens axons for these factors at two specific deci-
sion regions.Accession Numbers
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